INTRODUCTION
More than 20 years ago, Kuffler (1967) began a review of glial electrophysiology with a summary of hypotheses of glial functions; these functions were much the same as those proposed by Nageotte, Golgi, Lugaro, and Ram6n y Cajal 70 years before him (reviewed by Somjen 1988) and are not substantially changed today. Yet the timelessness of these views may result more from our continued ignorance than from the prescience of these pioneers. Ram6n y Cajal (1909) suggested that this poor understanding of function originated because physiologists did not have the tools to study glial cells directly. Only recently has this changed.
The last 30 years of glial electrophysiology can be divided into three periods of study. Classical studies (prior to 1970, beginning most prominently with the work of Kuffler & Potter 1964 , and reviewed by Kuffler 1967 and Somjen 1975) primarily consisted of microelectrode voltage recording from the large glial cells of invertebrates and lower vertebrates in situ. During the second period (beginning with Dennis & Gerschenfeld 1969 ; reviewed by Kuffler et al 1984) , the microelectrode technique was used to study mammalian glia, either in situ or in vitro. Since 1982 (Kettenmann et al 1982 , the patch-clamp technique has made small cellsmembranes are "passive" in that their current-voltage relationships are linear, and (c) glia appear to lack sodium channels and are not excitable. This review focuses on the findings of the most recent period of study, which have challenged each of these three principles.
NOMENCLATURE
A disturbing feature of the glial literature is that no two authors use the same nomenclature. In grey matter and in white matter, two main types of glial cells are found: astrocytes and oligodendrocytes, initially distinguished by morphological criteria.
However, nomenclature based on morphology can be confusing: Both cell types differ in morphology in grey matter and in white matter. Astrocytes in white matter contain many filaments, have stellate processes, and have been called "fibrous" or "fibrillary," whereas astrocytes in grey matter contain few glial filaments, have sheet-like processes, and have been called "protoplasmic" (Peters et al 1976) . Similarly, many oligodendrocytes in grey matter do not myelinate and have been called "perineuronal," whereas in white matter, many oligodendrocytes myelinate and have been called "interfascicular" (Penfield 1932) . Whether these differences in appearance between grey matter and white matter astrocytes (or oligodendrocytes) result from the same cell type being in a different environment, or arise because they are actually distinct cell types, is as yet unclear. Nor is it clear whether such environmental differences affect glial electrophysiological properties. Thus, in this review a distinction is maintained, when possible, between grey and white matter glia.
In the optic nerve, which is part of central white matter, three glial types have been clearly identified and extensively characterized by the work of Raft and associates: oligodendrocytes and type-1 and type-2 astrocytes. These three glial cell types are antigenically, structurally, and developmentally distinct (reviewed by Miller et al 1989a and Raft 1989b) . Equivalent cell types are found in white matter throughout the mammalian CNS (Raft et al 1983a , Liuzzi & Miller 1987 ; and Raft and associates' nomenclature for white matter is used in this review. Grey matter glial cell types have not yet been so clearly classified, and may vary regionally. Because of the many similarities between the type-1 astrocyte in white matter and the predominant type of astrocyte in grey matter (Raft et al 1983a) , astrocytes in cultures derived from grey matter have been increasingly referred to in the literature as "type-1 astrocytes." The cerebral hemisphere tissue used to prepare these cultures, however, invariably contains both grey and white matter.
In this review, the terms type-1 and type-2 astrocyte are used exclusively www.annualreviews.org/aronline Annual Reviews to refer to white matter astrocytes. Astrocytes in cortical cultures are referred to as cortical "type-l-like" astrocytes, as suggested by Raft (1989a) .
SURVEY OF ION CHANNELS IN GLIAL CELL TYPES

Peripheral Glia
SCHWANN CELLS The first direct electrophysiological evidence that glial cells could have nonlinear I(V) relationships was reported by Chiu al (1984) ; their unexpected findings stimulated many studies that have followed. They observed, using whole-cell patch-clamp recording, that Schwann cells in culture express both voltage-dependent sodium and potassium currents. These currents occur at a somewhat lower density than in many neurons, but are qualitatively similar to neuronal currents, a similarity that extends to single-channel properties (Shrager et al 1985) .
The voltage-dependent outward current is composed of at least three components: a chloride current and two types of potassium current (Howe & Ritchie 1988) . Two other types of channels appear not to be active during normal whole-cell recording, but become active in excised insideout patches studied with single-channel recording: a calcium-dependent cation-selective channel of about 32 pS , and an anionselective channel of 450 pS . Thus mammalian Schwann cells in culture express at least six different kinds of voltage-dependent ion channels, and others may not have been detected yet. The expression of these voltage-dependent ion channels is generally not an artifact of tissue culture: Schwann cells acutely isolated from rabbit sciatic nerve still exhibit sodium currents and potassium currents (Chiu 1987) .
Neurotransmitter-activated channels have not been reported in vertebrate Schwann cells yet. They will probably soon be detected as they are present on Schwann cells in invertebrates (Ballanyi & Schlue 1988 , Villegas 1975 , Abbott et al 1988 , Lieberman et al 1989 .
MYELINATING VS NONMYELINATING SCHWANN CELLS Schwann cells are either myelinating or nonmyelinating; which phenotype they display appears to be governed by signals from the axon (reviewed in Bray et al 1981 and Jessen 1988 ). Do such axonal signals also influence which ion channels are expressed by Schwann cells? Chiu (1987 Chiu ( , 1988 recorded ionic currents in acutely isolated Schwann cells from sciatic nerve still bound to their axons. The bound axon allowed determination of the myelination state: Myelinated axons were of 15-20/~ in diameter whereas unmyelinated ones were only about 1 #. Sodium currents were observed in 100% of Schwann cells associated with nonmyelinated axons, but were www.annualreviews.org/aronline Annual Reviews BARRES, CHUN & COREY never observed in myelinating Schwann cells. In addition, a component of inwardly rectifying potassium current was found mainly in myelinating Sehwann cells (Chiu 1987 , Wilson & Chiu 1989 ; more recently this current has also been found in nonmyelinating Schwann cells: G. F. Wilson, personal communication) . Although nonmyelinating Sehwann cells have large outward potassium currents, these are either much smaller or absent in myelinating Schwann cells. Transection results in the appearance of sodium channels in myelinating Schwann cells and in the loss of sodium channels from nonmyclinating Schwann cells. These results provide further evidence for an effect of neuronal signals on Schwann cell sodium channel expression (Chiu 1988) .
Grey Matter Glia
MULLER C~I~LS Muller cells, the major glial cell type found in the retina, have been especially convenient for electrophysiological studies of CNS glia; unlike cortical astrocytes, they are easy to identify by morphology alone in cell suspensions. An extensive characterization of conductances in salamander Muller cells performed with whole-cell patch recording revealed voltage-dependent calcium current and at least three components of potassium current, including Kca, Ka, Ki~ (Newman 1985b) . Most (95%) of the potassium conductance of the cell is found in the endfoot, thus suggesting that the endfoot conductance participates in a special type of spatial buffering mechanism, termed "siphoning," that allows shunting of potassium through the endfoot and into the vitreous , Newman 1984 , 1985a , 1986a , Karwoski et al 1989 . In these cells, small component of voltage-dependent sodium current is also present (E. A. Schwartz, personal communication) .
Only a single type of voltage-dependent ion channel was observed in cell-attached patches of salamander Muller cells: an inwardly-rectifying potassium current, mainly localized to the endfoot by Brew et al (1986) . These authors suggested that this potassium channel mediated the proposed spatial buffering process, although their conditions may have precluded observation of the other ion channel types observed in whole-cell recordings by Newman. By using two-electrode voltage-clamping, the endfoot conductance in salamander Muller cells has been confirmed to be inwardly rectifying (Newman 1989) .
Voltage-dependent ion channels are just beginning to be characterized in mammalian Muller cells (Nilius & Reichenbach 1988) . In these rabbit Muller cells, two types of inwardly rectifying potassium channels occur along the soma, and a nonrectifying conductance (360 pS in 140 mm symmetrical potassium solutions) is in the endfoot (although the total number of patches studied was not large).
www.annualreviews.org/aronline Annual Reviews An electrogenic glutamate uptake mechanism is also spatially localized, mainly outside of the cndfoot region (Brew & Attwell 1987) . Although electrogenic carrier mechanisms are not the subject of this review, it is interesting that this mechanism can carry significant currents across the membrane; its conductance is close to that of the potassium conductance in the same region of the cell in which the carrier is located. This conductance is still only a small proportion, however, of the whole-cell conductance (Schwartz & Tachibana 1990) .
Neurotransmitters can activate ion channels in glia. GABA activates a chloride channel in skate Muller cells that appears to be identical to the GABAA receptor-channel complex in neurons (Malchow et al 1989) . These currents can be as large as several nanoamps. Because these currents were observed in acutely isolated Muller cells, their results provide the first evidence that neurotransmitter-activated ion channels are found in vivo in glia.
CORTICAL TYPE-I-LIKE ASTROCYTES Much glial electrophysiology has been directed at cortical type-l-like astrocytes, probably because of the ease of obtaining highly purified cultures (McCarthy & deVellis 1980) and because of the lack of a specific surface marker that would allow the identification of acutely dissociated cells. As the entire cerebral hemisphere is typically used for the preparation of these cultures, the cultures probably contain both cortical astrocytes and type-1 astrocytes from white matteralthough the possibility that all of the astrocytes in these cultures derive from white matter has not been ruled out (type-2 astrocytes are lost with the removal of the top layer of cells).
Perhaps because of this intensive scrutiny, these cells have been found to express more channel types than any other glial cell. At least 14 types of voltage-dependent ion channels have been observed! These include a sodium channel, two types of calcium channels, up to four types of potassium channels, at least three types of chloride channels, and four types of stretch-sensitive channels (references in Table 1 ).
Many of these channels are not functional in the resting cell. Thus all of the chloride channels appear subject to an inhibitory modulation and are not normally active (Gray & Ritchie 1986 , Sonnhof 1987 , and sustained calcium current is only seen after incubation in substances that increase intracellular cAMP (MacVicar & Tse 1988 , Barres et al 1989a . In contrast to most examples of modulatory effects, the calcium channel in this case is entirely absent prior to exposure to these substances (Barres et al 1989a) . Induction may involve recruitment of channels to the membrane from intracellular stores (as occurs for hormone induction of certain ion transporters outside of the nervous system), rather than a post-transwww.annualreviews.org/aronline Annual Reviews lational modification of existing channels, such as phosphorylation. Since several studies of astrocyte channels involved cells first "rounded up" by dibutyrl cAMP (Quandt & MacVicar 1986 , Nowak et al 1987 , some the channels observed in these cells may not be normally functional.
An unresolved issue is whether heterogeneity of channel phenotypes among cortical astrocytes occurs, since the proportion of astrocytes expressing a given current type is often not apparent (or not reported).
Neurotransmitter-activated channels have been observed in cortical type-l-like astrocytes in culture. Their presence has long been suspected because of the large number of neurotransmitters that induce either depolarization or hyperpolarization.
These changes in membrane potential, however, could have been caused by at least three different mechanisms: activation of an electrogenic transmitter transport mechanism, modulation of voltage-dependent ionic currents contributing to the resting conductance, or direct activation of a ligand-gated ion channel. Examples of all three types of neurotransmitter effects in astrocytes are now known.
First, inward currents are caused by electrogenic glutamate uptake in ccrebellar astrocytes in culture (Cull-Candy et al 1988) . Second, fl-adrenergic agonists and vasoactive intestinal peptide induce a voltage-dependent calcium current in cortical astrocytes in culture, presumably by raising cAMP (MacVicar & Tse 1988 , Barres et al 1989a . Third, GABA activates a chloride conductance in 100% of cortical type-l-like astrocytes in culture (Bormann & Kettenmann 1988) . As in neurons, these receptors have GABAA pharmacology, have multiple conductance substates, are blocked by bicuculline and picrotoxin, and are potentiated by barbiturates and benzodiazepines (Backus et al 1988) .
Glutamate activation of cation-selective channels in cultured cortical astrocytes, acting on non-NMDA receptors, has been reported, although no evidence of single channels or of blockade by glutamate antagonists has been found . Because NMDA responses were not detected, the mechanism of the aspartate-induced depolarizations that occur in 100% of astrocytes in culture (Kettenmann & Schachner 1985) remains unknown, but is probably accounted for by the ubiquitous presence of an electrogenic amino acid uptake process (e.g. Schwartz Tachibana 1990) . EeENDVMAL CELLS Despite the ease of identifying ependymal cells, these cells have received little electrophysiological attention (see Connors Ransom 1987 for review). Voltage-dependent sodium channels have recently been characterized in acutely-isolated rat ependymal ceils, and voltage-dependent potassium current is also present in all ependymal cells studied (Barres et al 1985 . www.annualreviews.org/aronline Annual Reviews
White Matter Glia
TYPE-I ASTROCYTES Cultures of astrocytes from pure white matter may be prepared from optic nerve. These cultures are still heterogeneous because they contain both type-1 and type-2 astrocytes, but these may be distinguished by morphology and antigenic phenotype (Raft et al 1983a , Miller & Raft 1984 .
So far there has been little electrophysiological study of type-1 astrocytes. All type-1 astrocytes express both a delayed rectifying and an inwardly rectifying potassium current in culture (Barres et al 1987 and in preparation) . In contrast, acutely isolated type-1 astrocytes, recognized by surface labeling with antibodies to the RAN-2 surface antigen, all express a charybdotoxin-sensitive, calcium-dependent, sustained potassium current in addition to Kit (Barres et al 1987 and in preparation) . Sodium currents are present in 10-20% of cells in culture, 20% of acutely isolated cells lacking processes (Barres et al 1989b) , but are found in 100% of cells acutely isolated by the "tissue-print" technique that preserves many of their processes (B. A. Barres et al, in preparation, and see TYPE-2 ASTROCV~ES The type-2 astrocyte has only recently been recognized as a distinct astrocytic component of white matter, based on morphology, developmental appearance, and surface antigenic phenotype (reviewed in Raft 1989b , Miller et al 1989a . Most recently type-2 astrocytes have been shown to be structurally distinct: Whereas type-1 astrocytes have radial processes that terminate on blood vessels and the pia limitans, type-2 astrocyte processes are mainly longitudinal and may terminate on nodes of Ranvier (ffrench-Constant & Raft 1986 , Miller et al 1989b  in addition some type-1 astrocytes may contribute perinodal processes: Sufirez & Raft 1989 ).
Thus it is not surprising that type-2 astrocytes are electrophysiologically distinct from type-1 astrocytes. In culture, initial studies demonstrated the presence of a sodium current and two components of outward potassium current (Bevan & Raft 1985 , Bevan et al 1987 . Subsequently, five components of inward current have been observed, by using specific ion isolation solutions; these include two forms of the sodium current, two forms of calcium current, and an inwardly rectifying potassium current (Barres et al 1988 (Barres et al , 1990 . Two types of chloride channels were also detected with single-channel recording that, like many other chloride channcls, only become active with excision of the patch (Barres et al 1988, Bevan et al www. annualreviews.org/aronline Annual Reviews BARRES, CI-IUN & COREY 1987) . A subset of acutely isolated astrocytes from rat optic nerve appear to have a related ion channel phenotype, thus suggesting that type-2 astrocytes in vivo are electrophysiologically similar to those in culture (Barres et al 1989f) .
There are at least two fundamental differences between ion channel expression in type-2 astrocytes and type-1 astrocytes. First, although each of these cell types has sodium currents, the sodium current in type-2 astrocytes appears indistinguishable from that found in neurons, whereas the type-1 astrocytes express a "glial" form (Barres et al 1989b) , which opens more slowly and has a shifted voltage sensitivity. Second, the type-2 astrocyte constitutively expresses two types of calcium current, whereas calcium current is only found in type-I astrocytes that have elevated intracellular cAMP (Barres et al 1988 (Barres et al , 1989a .
Glutamate-activated channels in type-2 astrocytes in culture have been demonstrated and characterized with whole-cell and single-channel recording (Usowicz et al 1989) . They are cation-selective and arc found in both cerebellar and optic nerve type-2 astrocytes. In neurons, these channels are usually activated by three classes of agonists--NMDA, kainate, and quisqualate but in the type-2 astrocyte, only non-NMDA activated channels were observed. Because type-2 astrocytes are found mainly or exclusively in white matter, where neurotransmission is not thought to occur, this finding suggests the possibility of neuronal-glial signaling in white matter (Barres 1989 ; see below).
OLIGODENDROCYTES Oligodendrocytes were the first glial cell type to be studied with the patch-clamp technique (Kettenmann et al 1982 (Kettenmann et al , 1984a . "Leakage" potassium channels of varying conductances ranging from 6 to 125 pS were observed with single-channel recording in oligodendrocytes from mouse spinal cord. These channels were initially reported to be voltage-independent, although further observation revealed that their probability of opening increased with depolarization. Yet the resting conductance of the cell is entirely composed of a potassium permeability that decreases with depolarization (Kettenmann et al 1984b) .
These channels have recently been characterized further, with both whole-cell and single-channel recording (Barres et al 1988) . The resting conductance of optic nerve oligodendrocytes in culture results from two types of inwardly rectifying potassium channels of 30 and 120 pS. These channels are strongly voltage-dependent, opening more frequently with increasing degree of depolarization. Their open channel I(V) relation inwardly rectifying, so even when the channel is open, little outward potassium current occurs. This explains the increase in membrane resist-. ance with depolarization.
The resting oligodendrocyte membrane is impermeable to chloride (Kettenmann et al 1983) . An outwardly-rectifying chloride channel, however, is observed in most excised patches, but not in cell-attached patches (Barres et al 1988) . This channel appears to be identical to a voltage-dependent chloride channel found in many epithelial tissues, which can be activated by/%adrenergic agonists (Welsh & Lidtke 1986 , Frizzel et al 1986 , thus suggesting that the chloride channel in oligodendrocytes may be activated by neurotransmitters.
Reports about the nature and density of outward potassium currents in oligodendrocytes have varied greatly. For instance, rat optic nerve oligodendrocytes were initially reported to lack outward potassium current (Barres et al 1988) , but lamb brain oligodendrocytcs in culture express two different components of outward potassium current (see Table 1 , Soliven et al 1988b) . Although heterogeneity of oligodendrocytes between species or parts of the brain is possible, there are two more likely explanations. First, it is possible that serum in the culture medium alters the ion channel phenotype or density of currents expressed. For instance, found that mouse brain oligodendrocytes cultured serum-free medium lack outward potassium current but that spinal cord oligodendrocytes cultured in 10% calf serum express two outward potassium channels. Optic nerve oligodendrocytes cultured in completely serumfree medium express both inwardly-rectifying potassium currents and outward potassium currents, and the density of the outward currents increases with increasing age in culture (Barres et al 1990) . Second, the smaller outward currents are very difficult to isolate from the large inwardly rectifying current: When currents before and after cesium blockade were subtracted, small outward components not previously observed became apparent (Barres et al 1988 . Whatever the explanation for these differences in culture, both inwardly and outwardly rectifying potassium currents are likely to occur in vivo, as both are present in acutely dissociated optic nerve oligodendrocytes (Barres et al 1987 and in preparation) . Neurotransmitters have not yet been shown to activate ion channels in oligodendrocytes. Glutamate-activated ion channels are not present in acutely dissociated oligodendrocytes from postnatal optic nerve (Barres et al 1990) or in oligodendrocytes in culture . Neurotransmitters have been reported, however, to modulate potassium currents in lamb oligodendrocytes. Activators of adenylate cyclase and protein kinase C significantly decrease the outward potassium current; moreover, isoproterenol at concentrations as low as 0.1/~M decreases the current (Soliven et al 1988b) . More recently, phorbol esters but not forskolin have been observed to decrease the inwardly rectifying potassium current (D. Nelson, personal communication) . In oligodendrocyte cultures, the attachment process activates protein kinase C, and so it has been suggested that attachment influences the behavior of oligodendrocyte ion channels (Vartanian et al 1986) .
GLIAL PROGENITOR CELLS The type-2 astrocyte and oligodendrocyte are derived from a common progenitor cell, the O2A (Raffet al 1983b , Temple & Raff 1985 , yet these two descendants have quite different channel phenotypes (Table 1) . How do the electrophysiological properties of the O2A compare to those of the type-2 astrocyte and oligodendrocyte? Bevan et al (1987) demonstrated that O2A progenitors in serum-free culture also expressed voltage-dependent ion channels and these were a subset of channel types observed in type-2 astrocytes in serum-containing cultures, but differed from those found in oligodendrocytes (Bevan & Raft 1988 , Barres et al 1988 . O2A progenitors expressed a sodium current and both sustained and inactivating potassium currents.
The ion channel phenotype of O2A progenitors in culture has been compared with that found in acutely isolated O2As (Barres et al 1990) . addition to the current components previously observed in O2A progenitors in culture (see above), a small component of inwardly-rectifying current and a component of charybdotoxin-sensitive outward potassium current are also found. This identical phenotype occurs in all acutely isolated O2A progenitors, a finding that indicates that channel expression by O2As is not an artifact of culture (Barres et al 1990) .
The acutely isolated progenitors appear "neuronal" in some respects: Sodium current density (50 pA/pF) is near that found in many neurons (e.g. retinal ganglion cells), and these cells fire single regenerative potentials with moderate amounts of depolarizing current (Barres et al 1990 , also see Bevan et al 1987 . O2As express a form of the sodium channel that is distinct from that occurring in type-1 astrocytes but that is indistinguishable from that observed in retinal ganglion cells when cells are studied under identical experimental conditions (Barres et al 1989b) .
In order to compare the properties of cells in the O2A lineage, it is necessary to study all three cell types in the same conditions. Serum-free culture conditions in which O2A progenitors replicate many aspects of their in vivo behavior have been developed recently (Lillien et al 1988 (Lillien et al , 1990 . In these cultures, O2As, plated from P0 tissue, divide and differentiate on schedule: Oligodendrocytes appear beginning in the first days of culture, and type-2 astrocytes appear after about two weeks of culture.
With these cultures, the developmental program of channel expression in the O2A lineage has been examined (Barres et al 1990) . Ion channel types expressed by the O2A progenitors are not a simple subset of either descendant cell. The oligodendrocyte expresses several fewer channel types (Table 1 ). The type-2 astrocyte differs mainly by the additional expression of two types of calcium current and the loss of expression (or alteration of) a charybdotoxin-sensitive component of outward potassium current. Thus all three cells in the O2A lineage have distinct ion channel phenotypes.
The electrophysiological properties of cells along the developmental pathway from the O2A progenitor to the oligodendrocyte have been much more finely dissected by Sontheimer et al (1989) , who studied, in addition, two transitional cell stages. The earliest transitional stage is still bipotential and has a channel phenotype identical to the O2A, whereas the later transitional stage is committed to become an oligodendrocyte and has the oligodendrocyte channel phenotype.
O2As also express neurotransmitter receptors. Glutamate receptors of the non-NMDA type were initially detected on O2A progenitors in culture with binding studies , and binding of glutamate to these receptors activates cation-selective ion channels . Non-NMDA glutamate agonists have also been found to activate ion channels in acutely dissociated O2As (Barres et al 1990) .
SPECIFIC ISSUES
Glial Cellular Phenotypes
DIVERSITY Perhaps the most striking feature of the data summarized in Table 1 is that vertebrate glial cells express a great variety of ion channels. No major type of ion channel is found in neurons that is not observed in at least some glial cell types. Moreover, receptors for the main excitatory and inhibitory transmitters used by CNS neurons, glutamate and GABA, are also found on CNS glial cells. As in neurons, neurotransmitters may also modulate voltage-dependent ion channels, and specific ion channel types may be highly localized to specific regions of the cell membrane. There is also a new appreciation of a diversity of ion channel phenotypes among glial cell types. Muller cells, type-1 astrocytes, type-2 astrocytes, and oligodendrocytes all have their own distinct phenotypes. No conclusive evidence has been found, however, that the ion channel phenotype of oligodendrocytes in different brain regions differ, or that cortical type-llike astrocytes differ from type-1 astrocytes. The study of the properties of glial cells is clearly still in its infancy, and a complete picture of even the types of ion channels present in each of these cell types is still not available. For instance the apparent lack of inwardly rectifying potassium currents in cortical type-1 astrocytes or of calcium currents in Schwann cells (Table 1) may simply indicate that these currents have not yet been specifically sought.
Glial ion channels are not simply an artifact of culture: They have bccn observed in all acutely isolated glial cells recorded from so far. Channel expression in vivo is not just the result of"accidental" channel expression, for instance as the result of a leaky promoter, because channels often occur at the same high densities as in neurons. The existence of specific ion channel phenotypes that arc homogeneously expressed in specific glial cell types also argues against "leaky" expression.
Homogeneity of ion channel phenotype among glial cells of a particular type, with diversity between glial types, argues that ion channel phenotype is linked to cellular identity, and further suggests that these different ion channel phenotypes have functional significance. Understanding that significance may take much more work.
NEURONAL VS GLIAL PHENOTYPES Neurons can be reliably differentiated fi'om glia by antigenic phenotype: Neurons are recognized by the presence of neurofilaments, astrocytes by the presence of glial filaments, and oligodendrocytes by the presence of myelin-specific proteins or glycolipids. Can electrophysiological phenotype also be reliably used to distinguish between neurons and glia? Clearly the presence or absence of a specific ion channel is not sufficient. Despite the presence of voltage-dependent sodium and calcium channels in many glial cells, glial cells seem less capable of generating robust action potentials. Thus it is still true that when vigorous excitability is present, the cell may be identified as a neuron. Inexcitability could be found either in interneurons or in glial cells.
Nevertheless, electrophysiological studies of glia have at least blurred the distinction between neurons and glia. All vertebrate glia contain voltage-dependent ion channels and, where they have been specifically sought, neurotransmitter-gated ion channels, and thus they are capable of dynamically sensing and responding to their environment. For instance, the type-2 astrocyte has glutamate-activated ion channels, a sodium current, and calcium currents of the types implicated in neurotransmitter release. Several retinal cell types were initially classified as glia because they lacked axons or excitability, but have since been reclassified as neurons, by defining a neuron as a cell that is an integral component of a neural circuit. Is it possible that some glial cell types will yet succumb to a neuronal reclassification?
PERIPHERAL VS CENTRAL GLIA Are electrophysiological properties of glia in peripheral nerves similar to those of glia in central white matter? In rat, nonmyelinating Schwann cells express the RAN-2, A5E3, and GFAP antigens, whereas myelinating Schwann cells express myelin-specific proteins , 1986 . These antigenic phenotypes are also found in CNS astrocytes and oligodendrocytes, respecwww.annualreviews.org/aronline Annual Reviews tively (Mirsky & Jessen 1987) . Moreover, ion channel phenotypes seem analogous: For instance, astrocytes and nonmyelinating Schwann cells express sodium current and large outward potassium currents, whereas oligodendrocytes and myelinating Schwann cells do not. it will be interesting to know how far, developmentally and functionally, such an analogy will extend.
Along these lines, Jessen et al (1989) have recently identified a bipotential Schwann cell precursor in rat, whose differentiation is sensitive to the presence or absence of serum in the medium, generating nonmyelinating and myelinating Schwann cells, respectively. Although this suggests that type-2 astrocytes may in some way be analogous to nonmyelinating Schwann cells, this is clearly not the case for their electrophysiological properties. Instead, the available data suggest that nonmyelinating Schwann cells may be closely similar to type-1 astrocytes: Unlike type-2 astrocytes they each express the glial form of the sodium current, appear to require the presence of neurons for expression of this sodium current, and lack calcium currents.
Specialization of Ion Channels in Glia
A general theme to emerge from studies of glial ion channels is that the channels arc generally similar to their neuronal counterparts. In fact, ~br most channel types found in glia, there is no evidence of any difference. Three glial channels differ from those in neurons, however, a finding that suggests that they are functionally specialized for a glial role.
GABA-GATED CHANNELS GABAA-activated chloride channels in cortical astrocytes interact with inverse agonists differently than in neurons (Bormann & Kettenmann 1988) . Although/~-carboline decreased GABA-activated currents in chromaffin cells to 50% of control, it increased the astrocyte currents by.30% under identical conditions. This difference may be accounted for by a different receptor structure between neurons and glia; specifically the two receptor types may share a common GABAA beta subunit but have differing alpha subunits (Backus et al 1988, Casalotti et al 1987) .
GLUTAMATE-GATED CHANNELS Non-NMDA glutamate-activated channels probably differ between type-2 astrocytes and neurons (Usowicz et al 1989) . In neurons, the largest conductance substate is preferentially activated by NMDA (Jahr & Stevens 1987 , Cull-Candy & Usowicz 1987 , Ascher & Nowak 1988 ). On neurons lacking NMDA receptors, glutamate does not activate the large substate (Llano et al 1988) . In the type-2 astrocyte, however, which also lacks NMDA receptors, glutamate activates the largest substate as well as smaller ones. Moreover, this large www.annualreviews.org/aronline Annual Reviews substrate is blocked by magnesium in neurons but not in type-2 astrocytes (Vsowicz et al 1989) .
SODIt~M CI~ANNELS Sodium channels in glia have been suggested to be different from those in neurons ever since the earliest studies of glial sodium channels (Shrager et al 1985 . These investigators compared the I(V) relation of channels from Schwann cells and astrocytcs with data from nodes of Ranvier in the PNS. The voltage dependence of activation of the glial channels appeared to be shifted in a depolarizing direction by about 30 mV (see Figure 4 in Shrager et al 1985) . The two I(V) relations were obtained by different techniques, however; patch clamp for the glia, sucrose gap for nodes. Because only the relative degree of depolarization for the sucrose gap studies was known, the two I(V) relations were aligned for comparison by assuming the steady-state inactivation (h-infinity) curves had identical midpoints.
To examine this question further, Barres et al (1989b) directly compared the properties of sodium channels in retinal ganglion cells and in optic nerve type-I astrocytes. They also observed a difference in voltage dependence of the two channels; however, the voltage dependence of both activation and inactivation was shifted in a hyperpolarizing direction in glia. The h-infinity curve for glia has a midpoint at -80 mV whereas that of the neurons has a midpoint of --55; also, the voltage-dependence of activation was shifted negatively by 10 mV. (Thus all of these studies are in close agreement if the node sodium channels ~natch the CNS neurons in steady-state inactivation.) Kinetic differences between glial and neuronal channels were also found: the glial form activated more than four times more slowly than the neuronal form, inactivated twice as slowly, and reopened more frequently (Barres et al 1989b) .
Thus, both glial and neuronal forms of the sodium channel appear specialized to be partially inactivated at the resting potential of the cell, since the midpoints of the h-infinity curves are near the resting potentials for both glia and neurons (see Barres et al 1989b for further discussion). Chiu et al (1984) and have argued that glial sodium channels in Schwann cells and cortical astrocytes would be inactivated at their normal resting potentials; however, this argument was based on their whole-cell patch resting potential measurements of -40 mV, in conflict with a huge body of data that astrocyte resting potentials are between -90 and -70 mV at normal extraeellular K concentrations (see e.g. Bevan & Raft 1985) .
TTX SENSITIVITY OF GLIAL SODIUM CHANNELS Most reports suggest that sodium channels in astrocytes in culture are poorly TTX-sensitive, requiring micromolar concentrations to block (Bevan et al 1985, Nowak et al www. annualreviews.org/aronline Annual Reviews 1987). In contrast, when neuronal and glial TTX sensitivity were compared using acutely dissociated retinal ganglion cells, type-1 astrocytes, and O2A progenitor cells, all of these cells were found to be highly sensitive to TTX, with half of the current blocked at concentrations of 2 to 3 nM (Barres et al 1989b) . Opposite results have been reported for Schwann cells. Sodium current in acutely isolated Schwann cells is poorly sensitive to TTX (Chiu 1987) , whereas in culture it is very TTX sensitive, being completely blocked with concentrations of 60 nM (Shrager et al 1985) .
Binding studies have revealed both low-and high-affinity binding sites , Yarowsky & Krueger 1989 . In young cultures the binding sites have low affinity, whereas the appearance of high-affinity binding sites correlates strongly with the appearance of stellate astrocytes in cultures over time; these could be induced either with age or with a serum-free culture medium (Yarowsky & Krueger 1989) . Both of these sites appear to be associated with sodium channels, since sodium influx associated with both low-and high-affinity sites was stimulated in the presence of batrachotoxin and sea anemone polypeptide toxin.
Several possibilities need to be considered: heterogeneity of astrocyte types in cortical cultures, possible access problems of TTX to Schwann cell sodium channels (Chiu 1987) , and the possible effects of the culture environment on TTX binding.
Neurotransmitter-gated Channels in White Matter Glia: Where Is the Neurotransmitter
Coming7 From?
The structure and function of white matter have received remarkably little attention. There is some evidence that impulse-mediated release of neurotransmitters, particularly glutamate, may occur into central white matter tracts and into peripheral nerves both in vertebrates and invertebrates (Wheeler et al 1966 , Weinreich & Hammerschlag 1975 , Abbott et al 1988 , Lieberman et al 1989 . This nonsynaptic axonal release is impulse dependent and is not triggered by potassium depolarization alone. Although the presence of vesicles has been observed at some nodes (Metuzals 1965), vesicle fusion along axons or nodes has not been detected. On the other hand, impulse-mediated release is calcium-independent (Weinreich & Hammerschlag 1975) , thus suggesting a nonvesicular release mechanism. A glutamate transport mechanism in squid axons has been demonstrated (Baker & Potashner 1971 , 1973 (Brew & Attwell 1987 , Cull-Candy ct al 1988 , Schwartz Tachibana 1990 . This seems an unlikely source, however, as glial cells also contain cytoplasmic enzymes that rapidly metabolize glutamate.
What purpose would nonsynaptic neurotransmission in white matter and peripheral axon tracts serve? It has been suggested that it may facilitate potassium regulatory mechanisms (Pichon et al 1987 , Barres et al 1988 . Type-2 astrocytes' processes contact nodes of Ranvier (ffrench-Constant & Raft 1986); thus Usowicz et al (1989) have suggested that activation glutamate receptors on these processes would produce an influx of sodium and an efflux of potassium around the node, and thus possibly influence electrical excitability at the node. Alternatively, glutamate-induced de-.polarization of type-2 astrocytes could activate their voltage-dependent calcium channels. A possibility is that type-2 astrocytes may synthesize GABA (Barres et al 1990) ; thus glutamate depolarization of their processes may induce the release of GABA onto nodes or paranodes.
Differences Between Classical and Modern Studies
There is now overwhelming evidence that all vertebrate glial cells express voltage-dependent ion channels (references in Table 1 ). These observations are in conspicuous conflict with a largc body of previous work that had found glial cells to have passive membrane properties. For instance, Kuffler et al (I 966) reported that all glial cells in Necturus optic nerve had passive membrane properties, whereas we have reported that mammalian optic nerve glia are not passive, but that each cell type expresses its own distinct phenotype (Barres et al 1988 (Barres et al , 1989a (Barres et al ,b, 1990 . What is the basis for this difference? Early experimenters used invertebrates and lower vertebrates, because these animals have large glial cells that allow penetration by one or more microelectrodes for voltage-recording studies. Recent studies have tended to use mammalian cells instead, as patch-clamp recording has permitted stable recording from smaller cells. Thus the difference might depend on the recording method, or perhaps glial cells in invertebrates and lower vertebrates have different electrophysiological properties.
To resolve this issue, we recorded from isolated glial cells from Necturus optic nerve, using the same techniques and solutions that we have used to study glia in the rat optic nerve (Barres et a11989c) . Figure la Kuffter et al (1966) . data were obtained from microelectrode recordings of Necturus optic nerve glia in situ and were replotted for ease of comparison with the patch clamp data. (c,d) Whole-cell patch clamp records from two different acutely isolated Necturus optic nerve astrocytes in tissue prints, both morphologically similar to that shown in (a). Although all cells had a radial process-bearing morphology, all cells fell into one of two categories: those with inwardly rectifying potassium currents (e), and those with mainly sustained outwardly rectifying potassium currents and small transient inward currents (d). These currents were both voltageand time-dependent (data not shown). The bath solution contained (in mM): KC1 20, 100, CaC12 4, Hepes 5, Dextrose 3, pH 7.2. The pipette solution contained (in raM): KC1 120, MgCI2 1, Ca buffered to 10 -7 M, EGTA 2, Hepes 5, pH 7.2. Linear leakage currents have been subtracted; however, input resistances were at least 100 times greater than those recorded with microelectrodes in situ (b, and Kuffler et al 1966) . Note the difference in the current axes. (Figure le,d ). These currents were both voltagetime-dependent (see for further description). Although Necturus optic nerve is unmyelinated, containing only astrocytes and not oligodendrocytes, we observed that half of the cells had properties similar to those of rat oligodendroeytes (Figure le) , while the other half were similar to rat astrocytes in optic nerve (Figure ld) .
I(V) relationships
Thus we conclude that the differing results between earlier and more recent glial electrophysiological studies cannot bc attributed to species differences. Instead it is likely that extensive glial coupling in situ interfered with electrophysiological measurements (see Barres et al 1989c for consideration of other, less likely, possibilities). A glial syncytium has a low input resistance, and limits the depolarization of the glial membrane. Typical glial input resistances in situ are about 10 megohms or less, whereas glial cells in culture or after acute isolation often have input resistances several orders of magnitude greater. Thus simple explanations based on limitations of microelectrode recordings of glia in situ can plausibly account for the previous inability to detect these voltage-dependent ion channels. It should be interesting to return to in situ preparations, equipped with new understanding of glial membrane properties derived from patch recordings.
Role of Glial Ion Channels in Potassium Reyulation
What, if any, are the functions of ion channels in glia? A role in potassium homeostatic mechanisms has most frequently been suggested, because glial cells probably regulate extracellular potassium levels. How good is this evidence? There are only a few compelling studies, but these are exceptionally elegant. The experiments that most strongly suggest a role for glia in potassium regulation are those of Coles of Tsacapoulos (1979; also see Orkand 1983 and Coles et al 1989) on invertebrate retinal glia in situ and those of Ballanyi et al (1987) on mammalian glia in olfactory cortical slices. Ion concentrations were recorded during neural activity with ion-selective microelectrodes positioned intracellularly in neurons and glia and in the extracellular space. Both groups demonstrated that elevation of intracellular potassium in glia (and depression in neurons) occurs during neuronal firing. Their experiments also indicate that these potassium homeostatic mechanisms involve passive fluxes of ions (see below), most likely through channels, instead of active transport of ions by pumps or extracellular diffusion (Walz & Hertz 1983 , Sykova 1983 , Gardner-Medwin 1980 , 1983a ,b, Gardner-Medwin & Nicholson 1983 . www.annualreviews.org/aronline Annual Reviews SPATIAL BUFFERING Two opposing regulatory mechanisms involving passive flux of potassium through glial channels have been suggested: "spatial buffering" and potassium accumulation. According to a spatial buffering mechanism, potassium would enter glia wherever the local potassium reversal potential was more positive than the resting potential. Potassium would be rapidly shunted by current flow from a proximal region of excess to a more distal region (Orkand et al 1966) driven primarily by a voltage gradient within the cell. Such a mechanism is widely thought to operate in the context of a strongly coupled glial syncytium (Orkand et al 1966 , Gardner-Medwin 1983a . In hypothesizing a role for glial potassium channels in a spatial buffering mechanism, it should be recalled that except for inwardly rectifying potassium channels, most of the glial potassium channels are not activated by the degree of depolarization that would occur by the slight elevations of potassium that occurs with neuronal activity. Another difficulty with the spatial buffer mechanism in the context of a glial syncytium is that glial cell processes may be significantly longer than their own space constant (discussed by Gardner-Medwin 1983a ,b, 1986 .
A special kind of spatial buffering mechanism, termed potassium siphoning, has been proposed by Newman et al (1984) . This hypothesis suggests that where the elevated extracellular potassium is shunted is determined by the distribution of the potassium conductance along the glial cell. Thus Newman et al (1984) have proposed that in the retina the potassium will enter Muller cells in the plexiform layers and exit from the endfeet, where the potassium conductance is greatest, into the vitreous. Because the conductances in both of these regions are inwardly rectifying potassium channels that are active at and near the resting potential, the possible involvement of voltage-dependent potassium channels in this mechanism appears plausible and is supported by new evidence. Light-evoked increases of extracellular potassium occurred in the vitreous, at the site of Muller endfeet, as predicted by the siphoning hypothesis, and these increases were entirely abolished by barium (Karwoski et al 1989) .
POTASSIUM ACCUMULATION In a spatial buffering mechanism, only a potassium permeability is required, and potassium entry is exactly balanced by potassium exit. In contrast, potassium can accumulate in glia if anion flux occurs to balance the charge of entering potassium; water would also enter to maintain osmolarity. Because of the presence of chloride channels in gila, potassium accumulation mechanisms have been proposed in which passive entry of potassium, chloride, and water could occur (as described for muscle fibers by Boyle & Conway 1941) . Potassium accumulation mechanisms have the virtue of allowing local storage of the accumulated potassium for later return to the neuron. They also would remain operative in the face of spatially widespread neuronal activity, whereas such activity would tend to make spatial buffering ineffective (see Gardner-Medwin 1980 for discussion). proposed that K and C1 influx into astrocytes could occur through their voltage-dependent chloride and potassium channels. The astrocyte channels they studied, however, are activated by depolarizations above -40 mV, a degree of depolarization that would not occur by physiological elevations in extracellular potassium (although, as they suggest, this could occur in pathophysiological conditions). More likely is potassium accumulation by oligodendrocytes through their inwardly rectifying potassium channels with compensatory chloride influx through "modulated" chloride channels. Although the inwardly-rectifying potassium channel is active at the resting potential and underlies the resting conductance of the oligodendrocyte, the chloride channels normally exist in an inhibited state. This "modulated Boyle and Conway" hypothesis proposes that neuronal activity triggers a signal, emanating from the axon, that activates the oligodendrocyte chloride channels (Barres et al 1988) . An interesting aspect of the hypothesis is that the strong inwardly rectifying nature of the potassium channel would resist the rapid, potentially catastrophic release of the accumulated potassium chloride back into the extracellular space after termination of neuronal activity (as demonstrated in muscle by Hodgkin & Horowicz 1959) . The return of chloride channel inhibition with the termination of neural activity would have thc same effect. Although this hypothesis was originally proposed for oligodendrocytes at their paranodal regions, it is now clear that it could also apply to type-2 and type-1 astrocytes processes at the node, since they have similar inwardly rectifying potassium and chloride conductances (Barres et al 1990) .
The occurrence of glial potassium accumulation in vivo is strongly supported by experimental evidence. The elevation of potassium in invertebrate and mammalian glia is accompanied by a chloride elevation (Coles et al 1989 . Chloride-free solutions severely impair extracellular potassium regulation and decrease potassium uptake by glia in drone retina (Coles et al 1989) . In addition, the elevation of potassium in mammalian glia in olfactory cortical slices is largely blocked by barium , thus suggesting the involvement of an inwardly rectifying potassium channel active at the glial membrane potentials of their experiments, -60 to -80 mV.
Thus it is likely that glial cells regulate extracellular potassium, and that it is largely mediated by passive flux of potassium, and additionally chloride in some cases, through ion channels. Currently the evidence www.annualreviews.org/aronline Annual Reviews most strongly supports potassium accumulation mechanisms, except in the retina, where a spatial buffer process is likely to be operative (a concurrent accumulation mechanism has not been ruled out there). Possibly, glial cells in different parts of the nervous system, such as retina, parenchymal grey matter, and white matter, use different potassium regulatory mechanisms.
POSSIBLE NEUROTRANSMITTER INVOLVEMENT IN POTASSIUM REGULATION
The modulated Boyle and Conway potassium accumulation mechanism suggests a modulation of a specific voltage-dependent chloride channel observed in oligodendrocytes as one possible way that neurotransmitters could be involved. A ligand-gated chloride channel could also work as well: GABA activated chloride channels are found in cultured astrocytes (Borman & Kettenmann 1988) . A similar role for GABA-actirated C1 channels in Muller cells has been suggested (Malchow et al 1989) . On the other hand, chloride entry could tend to inhibit a spatial buffer mechanism by limiting the degree of depolarization induced by influx of potassium.
An important issue for these is the equilibrium potential for chloride in glial cells in situ. Because glial cells in culture appear to accumulate chloride actively and thus have chloride equilibrium potentials depolarized to the resting potential, it has been assumed that glial cells in situ do, too. Recent measurements of intracellular chloride in mammalian astrocytes in guinea pig olfactory slices indicate that chloride is probably passively distributed, so that reversal is near the resting potential .
Other Possible Functions of Glial Ion Channels
EXCITABILI3:Y Glial cells do not generate robust action potentials. Under certain experimental conditions, regenerative behavior can be observed in glial cells (calcium regenerative potentials : Newman 1985 , MacVicar 1984 ; sodium regenerative potentials: Barres et al 1988 , Bevan et al 1987 . In general, these require the injection of relatively large amounts of depolarizing current and is limited to a single action potential overshooting 0 mV but with incomplete repolarization. Glial excitability in vivo is not yet completely excluded, particularly since there has been little electrophysiological study of adult glial cells.
GLIA TO NEURON TRANSFER OF CHANNELS It has been hypothesized that glial cells act as local channel synthetic factories for neurons (Chiu et al 1984t, Bevan et al 1985 . Sodium channels could be transferred to axons from Schwann cell "fingers" for astrocyte processes contacting nodes of Ranvier. Sodium channels in Schwann cells have a short lifetime (3 days); if the same lifetime holds for axonal channels, this would create a large www.annualreviews.org/aronline Annual Reviews metabolic load for neurons that might be assumed by Schwann cells (Ritchic 1988) . It was also argued that the astrocyte and Schwann cell resting potential were so depolarized (-40 mV) that sodium channels glia would be nonfunctional because they would be inactivated (Chiu et al 1984 . As discussed above, however, these values are probably artifactually depolarized.
Immuno-electron microscopic localization of sodium channels in adult rat optic nerve has recently been accomplished by using a new antisera to rat-brain sodium channels. In addition to a high density of labeling at nodes, some but not all perinodal astrocyte processes exhibited an intense immunoreactivity with the antisera (Black et al 1989a) . Moreover, staining of a subset of astrocytes with predominantly longitudinal processes was detected; this staining was mainly cytoplasmic, although membrane staining was also present (Black et al 1989a,b , staining of nodal axoplasm also occurred). These findings were interpreted as consistent with the transfer hypothesis (either from astrocyte to node or in the other direction).
Sodium channels are not only found at the node but in the internode, and the total number of internodal channels far exceeds the total number of nodal channels (Ritchie & Rogart 1977 , Chiu & Schwarz 1987 , Shrager 1987 . As new nodes form in demyelinated sciatic nerves, Schwann cells bridge the immature nodal gaps; sodium currents were not found in these Schwann cells, as might have been expected if they were an important source of new nodal channels (Shrager 1989) . Finally, the properties glial and neuronal channels appear significantly different (Chiu et al 1984 , Barres et al 1989b . There is little convincing support for the transfer hypothesis.
MAINTENANCE OF RESTING POTENTIAL
"Leakage" channels, permeable only to potassium but not voltage-dependent, are classically thought to underlie the resting potential. So far, no channels in glia have been found to have these properties. Recently, potassium-selective stretch-activated channels have been observed in astrocytes in culture (Ding et al 1988 (Ding et al , 1989 ; such channels have been suggested to contribute to resting potential in other cell types (Medina & Bregestovski 1988) .
Inwardly rectifying potassium channels form nearly the entire resting conductance of oligodendrocytes and Muller cells (Barres et a11988, 1989e; E. A. Newman, personal communication) . Recent experiments have demonstrated that these channels are also found in type-2 astrocytes, type-1 astrocytes, O2A progenitors (Barres et al 1990 and in preparation) , and Schwann cells (Wilson & Chiu 1989) . It now seems very likely that the inwardly rectifying potassium channel underlies the resting potential in all glial cell types. www.annualreviews.org/aronline Annual Reviews DEVELOPMENT Because glial progenitor cells express ion channel types differing from those in their descendants, and are excitable, it has been suggested that these may play a role in progenitor cell function (Bevan et al 1987 , Barres et al 1989d , Sontheimer et al 1989 . This possibility is further suggested by the recent finding that these cells synthesize GABA (Barres et al 1990) . It is also possible that glutamate-activated channels these cells may be involved in signal detection, cell migration, or process outgrowth during development, as glutamate and other transmitters influence process outgrowth in developing neurons (Mattson et al 1988) .
SECRETION Although glial cells can release preloaded, radiolabeled neurotransmitters (e.g. Shain et al 1986 , Minchen & Iverson 1974 , there is yet little evidence to support the role of ion channels, such as calcium channels in secretion. Nor is there evidence that such neurotransmitter release would occur without experimental preloading. However, glutamate can induce the release of prcloadcd 3H-GABA from cerebellar O2A progenitor cells and type-2 astrocytes in culture , and O2A progenitors (and possibly type-2 astrocytes) synthesize GABA (Barres et al 1990) . Thus it is possible that GABA release may occur without preloading.
Glial cells contain electrogenic cotransport mechanisms for many neurotransmitters; these carriers mediate voltage-dependent uptake of transmitters but may also be capable of mediating efflux. Because these transporters can support a large flux of transmitter, they can effectively control the amino acid concentration in a restricted extracellular space (Schwartz & Tachibana 1990 ). Moreover, calculations have shown that the extracellular concentration of a transmitter carried by an electrogenic carrier mechanism is a steep function of membrane potential, regardless of whether the transporter can mediate efflux (Schwartz & Tachibana 1990) . Thus changes of glial membrane potential, mediated by ion channels, may influence extracellular neurotransmitter concentrations.
Are Glia in vitro Good Models of Glia in vivo?
Some properties of glial cells in vitro are different in vivo; a well-known example is that the polygonal shape of type-l-like astrocytes in neuronfree cultures is never observed in vivo, where they are instead processbearing. Glial ion channel expression can also be altered in culture.
There are several examples of serum effects on glial ion channel expression in culture. Type-2 astrocytes cultured in serum-free medium express a vastly different density of calcium current compared to that found in serum-containing cultures (Barres et al 1990) . Moreover, both charybdotoxin-sensitive component of outward current and the glial form www.annualreviews.org/aronline Annual Reviews of the sodium current found in type-2 astrocytes in serum-containing cultures are not present in serum-free cultures. A more dramatic effect is the permissive effect of different lots of fetal-calf serum on the ability of forskolin to induce calcium channels in cortical astrocytes (Barres et al 1989a) .
Such influences of serum on glial ion channel expression probably represent examples of "modulated differentiation," since the change of serum does not alter cell morphology or its basic identifying antigenic phenotype. This sensitivity of ion channel expression to culture conditions is not unique to glia: Neurons are similarly sensitive (Bossu et al 1988) .
Because of the possibility that culture conditions may affect glial behavior, many investigators have considered alternative preparations. Slices of CNS tissue or in situ recordings have been used for electrophysiological studies of glia (e.g. Walz & MacVicar 1988) , but the problem of cell-type identifications is severe. Many investigators have preferred the use of acutely dissociated cells. Channels present in acutely dissociated cells are probably also present in vivo; Newman (1985b) has observed similar voltage-dependent ion channel types in acutely isolated Muller cells and in Muller cells in retinal slices. On the other hand, channels not observed in acutely isolated cells may still be present in vivo. Although there is little evidence that extracellular exposure to enzymes alters channel properties (and much evidence against it), acutely dissociated glial cells generally lack processes. Thus if glial channel types are selectively localized to processes, as has been demonstrated for salamander Muller cells (Newman 1984 (Newman , 1986b , channel phenotype of acutely dissociated cells will differ from the in vivo phenotype.
The comparison of in vitro and in vivo phenotype has been directly made for glial cells in the optic nerve (Barres et al 1987 (Barres et al , 1989d (Barres et al , 1990 . The ion channel phenotypes in each of the three optic nerve glial cell types--type-I astrocytes, type-2 astrocytes, and oligodendrocytes--have been studied in four preparations progressively approximating the condition in vivo. These preparations are (a) culture serum-containing medium, (b) culture in serum-free medium, (e) acutely dissociated cells, and (d) acutely isolated cells in tissue prints. In the last technique, optic nerve (or other neural tissue) is briefly treated with papain and then gently pressed to a sticky, poly-/-lysine-coated, glass surface (Figure 1 a) . A thin layer of tissue remains adherent; these cells still have processes and can be labeled with antibodies and elcctrophysiologically studied. Because papain does not destroy any basic ion channel types, and these cells still have processes and have not been cultured, their properties may closely reflect those in vivo.
Ion-channel expression (either channel types or their densities) in each cell type was often different in each of the four conditions. These differences www.annualreviews.org/aronline Annual Reviews were not major in the case of type-2 astrocytes and oligodendrocytes, but were most marked in type-1 astrocytes. Type-1 astrocytes expressed the same basic types of ion channels in serum-free and serum-containing cultures; however, this phenotype was very different from that of acutely isolated type-I astrocytes, even those bearing processes. For instance, sodium channels were found in 100% of acutely isolated optic nerve type-1 astrocytes with processes, but only in a fraction of type-1 astrocytes lacking their processes (B. A. Barres, in preparation) . Recent experiments indicate that in co-cultures of neurons with type-1 astrocytes, sodium channels are expressed in most type-1 astrocytes (B. A. Barres et al, in preparation) . If the other ion channel differences can also be accounted for by the absence of neurons, such co-culture conditions may facilitate in vitro studies of glial function.
CONCLUSION
Vertebrate glia comprise several cell types that are structurally, developmentally, and biochcmically distinct. Experiments summarized here have demonstrated they are also electrophysiologically distinct. Although earlier studies have suggested that glial cells are "passive," more recent studies demonstrate a more dynamic view: They can express a large diversity of voltage-dependent ion channels and neurotransrnitter-gated channels, these channels may be modulated by neuronal signals, and these properties occur in vivo as well as in vitro. A broad caveat from such studies is that glial cells in vitro are not necessarily good models of glial cells in vivo, at least as concerns electrophysiological properties.
Despite the diverse functionality suggested by these channels, we are not much closer to understanding the role of glia in the nervous system. The best-documented function continues to be that of potassium homeostasis; here channel studies have at least suggested more specific models for potassium regulation by glia. There is suggestive but as yet no good evidence that glia participate in information processing or signaling in the nervous system. Nonetheless, electrophysiological studies of glia have blurred the distinction between neurons and glia and encourage us to consider new hypotheses of glial function.
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